The hemodynamic effects of acute pulmonary embolism were studied in 13 pentobarbital-anesthetized dogs (19.1 to 27.2Kg).
Jap. Heart J. May, 1971 and left ventricular function following acute pulmonary embolism in the dog. Measurements of left ventricular volume from aortic thermodilution curves and electromagnetic flowmeter estimates of stroke volume, together with pressure measurements of the left and right ventricle and aorta, were obtained during control periods and after repeated pulmonary embolization produced by injections of barium sulfate into the right ventricle.
METHODS
Thirteen mongrel dogs (19.1 to 27.2Kg.) were anesthetized with pentobarbital (30mg./Kg.) intravenously, and the corneal reflex was used as a guide for the maintenance of anesthesia. After right thoractomy in the fourth intercostal space, an electromagnetic flowmeter probe (Statham, 14mm.; or Biotronex, 18mm.) was placed around the aortic root and connected to an electromagnetic flowmeter (Biotronex). The mean of the velocity signal of the flow probe was used to determine cardiac output by calibrating against a simultaneous dye dilution curve, recorded with a Gilford densitometer after injection of Cardiogreen. A polyethylene No. 320 catheter was introduced into a femoral artery to measure blood pressure. An 8F Cournand catheter was placed in the right ventricle via the right jugular vein to measure right ventricular pressure, and a 4F catheter with a rapid responding bead thermistor imbedded in its tip was positioned just above the aortic valve to obtain thermodilution curves.)
Left ventricular pressure measurements and left ventricular injection of cold physiologic saline (2-3ml.) were carried out through direct puncture of the ventricle with a 15 gauge spinal needle connected to a strain-gauge pressure transducer with a short length of polyethylene No. 240 tubing. Intraventricular pressure was referred to 10cm. below the midsternal line. After closing the chest, the intrapleural pressure was kept negative with the chest tube under water. The dogs were placed in the right lateral position and allowed to breathe spontaneously. However, to minimize atelectasis the lungs were inflated periodically (every 10-15min.) throughout the experiment. A Statham P23Db strain-gauge transducer was used to measure all pressures, and all records were obtained with a DR-8 Electronics for Medicine photographic recorder. The electrocardiogram, thermodilution curves, ventricular pressure, arterial pressure, and flowmeter signals were recorded during control periods and again after each of several pulmonary embolizations accomplished by injection of 33% barium sulfate emulsion in physiologic saline (1-8ml.) into the right ventricle.),),2)
Observations after each embolization were begun 10-15min. after injection. to allow for subsidence of any immediate reflexes or transient vasomotor responses. It should be noted that the pericardium was left open. Left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) were calculated from the average of 10-15 aortic thermodilution curves as previously described.)
The general limitations of the method and the precautions utilized to insure reproducible results are detailed elsewhere.),)
Nevertheless, it should be noted that the method has been criticized in the past because consecutive comparisons between ventricular volumes measured by angiocardiographic techniques and indicator dilution methods have not been in good agreement.1),2),) Recently, however, excellent agreement has been obtained when simultaneous comparisons Vol. 12 No. 3 were made using room temperature Hypaque as both a contrast agent and a thermal indicator.32 A close correlation has also been observed even with consecutive measurements when the indicator dilution curves were recorded with a high fidelity fiberoptic catheter system.16 Mean systolic ejection rate (MSER) was calculated from the following formula:22
Both stroke volume (SV) and systolic ejection period were obtained from the electromagnetic flow signal. Peak circumferential-shortening rate (PCSR) or (dc/dt) max was calculated by the following equation assuming the left ventricle equivalent to a thin walled sphere:) where c=inner circumferential fiber length of the left ventricle (cm.), r=radius (cm.), t=time (sec.), and V=volume of the left ventricle (ml.). Maximum rate of change of left ventricular volume, (dV/dt)max, was derived from the peak of the phasic signal of the flow probe placed at the root of the aorta; the ventricular volume at this point was calculated by subtracting the ejected blood volume obtained from the integrated flowmeter signal from EDV. Developed tension at the comparable time was obtained from left ventricular systolic pressure and radius at (dc/dt) max according to the Laplace equation;) developed force was calculated as the product of ventricular circumference at (dc/dt) max and the developed tension (Pr/2) where P is left ventricular systolic pressure at (dc/dt) max. Because the force-velocity relationship of muscle is affected by instantaneous fiber length, PCSR was normalized for hearts of different sizes by dividing by the circumferential fiber length at the time of (dc/dt) max; i.e., normalized PCSR=(dc/dt) max/c (sec-1). Left ventricular stroke work (SW) and systemic vascular resistance (SVR) were calculated by the Blood samples for oxygen saturation were withdrawn from the left ventricle and saturation was measured by an oximeter (American Optical Company) . The data were examined for every period until embolization produced a persistent arrhythmia or the onset of marked hypotension. Student's t tests were performed to compare data between the control and terminal embolization periods .
In 4 dogs whose average weight was 27.8Kg ., the heart was excised immediately following KCl cardiac arrest during pentobarbital anesthesia (30mg ./Kg.). Twenty-five pressure-volume curves were obtained by injecting 5ml . increments of saline into the left ventricle. The pressure was referred to the center of the left ventricle which was placed on the table approximately in the same position` as existed in vivo in the chest.
A PE 240 catheter was inserted into the left ventricle Jap. Heart J. M ay, 1971
through the mitral valve, and cotton sutures were tied at the atrio-ventricular groove and the root of the aorta to seal ventricular inflow and outflow. Table I lists values obtained during all control and experimental periods. Table II summarizes the mean values for the control and terminal periods. Heart rate remained unchanged, but cardiac output and SV inevitably decreased. Left ventricular systolic pressure and mean arterial pressure fell without a significant change in left ventricular EDP (p>0.1). On the other hand, the rise in right ventricular systolic pressure was accompanied by a significant elevation of right ventricular EDP. Left ventricular EDV and ESV, decreased markedly. Ejection fraction (-K), or the ratio SV/EDV, was 275% during the control period and 225% during the final period of embolization. Fig. 1 illustrates the relationship between changes in left ventricular EDP and EDV between the control and terminal period. In all but 1 dog, EDV decreased; however, EDP did not show a significant decrease. The relationship between normalized PCSR and developed force is illustrated in Fig. 3 for the control and terminal period; despite the decreased developed force, the mean value for normalized PCSR remained unchanged. Vol. 12 No. 3 LEFT VENTRICLE DURING PULMONARY EMBOLISM 225 
RESULTS

DISCUSSION
Pulmonary emboli were produced in these experiments with a 33% barium sulfate emulsion. This substance is insoluble in water and has, therefore, been found useful by several groups as an experimental model for producing pulmonary embolism.10),11),24) The barium sulfate particles were approximately 25 in size; Gross and Brown8 have shown that most of the particles are immediately coated with plasma protein and result in agglutination within blood vessels. It has been shown by Halmagyi et al.11 ) that less than 1% of the injected barium sulfate recirculates, and there appears to be virtually complete retention within the lung circulation. 
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The hemodynamic effects of barium sulfate embolization demonstrated in these studies were generally similar to those reported previously.3),6),18),25),33) The increase in pulmonary vascular resistance resulted in a significant rise in both right ventricular systolic and end-diastolic pressures. This was seen despite a significant fall in cardiac output. A comparable decrease in SV occurred since the heart rate remained unchanged.
Of more direct relevance to this study was the fall in left ventricular systolic and aortic mean pressures. The drop in both arterial pressure and SV was reflected in the average 3 fold decrease in the calculated SW of the left ventricle. Despite this dramatic reduction in left ventricular SW, left ventricular EDP remained essentially unchanged.
Although one might conclude that a large decrease in left ventricular work at a comparable EDP reflects a less efficient Starling work curve, examination of the effects of embolization on left ventricular EDV reveals that such a conclusion is unwarranted. Thus, EDV, a more direct reflection of end-diastolic fiber length, fell after embolization to an average value less than half that which existed during the control period. The demonstration of less SW in the presence of a sizable reduction in end-diastolic fiber length is to be expected and cannot be cited as evidence to justify, in itself, the conclusion that a decrease in left ventricular function has occurred. Nevertheless, the fact that SW for any EDV after embolization fell below the regression line for the control points (Fig. 2) suggests that ventricular function is impaired.
We interpret the demonstration of a profound decrease in left ventricular EDV in the absence of any change in EDP as indicating a significant change in left ventricular diastolic pressure-volume characteristics. The results of our in vivo studies on the pressure-volume curves of the left ventricle demonstrate that a fall in left ventricular volume of this magnitude should have produced a large fall in left ventricular EDP of 8 to 4mm.Hg.
The actual volumes observed with filling pressures comparable to those seen in vivo were considerably less than actually measured in vivo, an observation similar to that reported by Mullins et al.23) The larger left ventricular EDVs observed in the living animal compared to the excised heart at a given filling pressure may relate not only to post-mortem compliance changes , but also to the distortion produced by ligation of the inflow and outflow tracts. It should be noted that were we to use in vitro filling pressures comparable to the volumes measured by us in vivo , the fall in pressures for a comparable percentage fall in volumes would have been even more dramatic, since we would have been using a steeper portion of the pressure-volume curve.
Average left ventricular EDV observed by us during the control period was 98ml., a value considerably higher than that expected even in the large dogs may not reflect left ventricular failure as much as it does a significant change in left ventricular compliance. Fig. 2 shows the relationship we observed between SW and EDV for both control and terminal values. Despite the limitations imposed by comparing a single point on a Starling curve in different animals, we are impressed that the terminal values for each animal fell below the regression line for the control points, suggesting that myocardial contractility may well have diminished during the terminal period. We attempted to gain further insight regarding the effects on left ventricular performance by analyzing our data in terms of the derived force-velocity relationships of the left ventricle. Although such derivations are crude and require such assumptions as the consideration of the left ventricle as a thin-walled sphere, it has been shown that an inverse relationship exists between calculated force and the velocity of contractile element shortening (VcE).21) This relationship may be altered by changes in heart rate, changes in fiber length, and the inotropic state of the myocardium. As noted earlier, heart rate in these experiments remained unchanged. Although the decrease in EDV produced by pulmonary embolization would, itself, be expected to alter the overall force-velocity relationship, this relationship at (dc/dt) max is presumably influenced only by the fiber length at that instant. Therefore, we have attempted to normalize this variable by expressing the velocity in terms of unit length of circumference measured at (dc/dt) max. Levine and Britman21) have accomplished this normalization by assuming that the circumference would vary from dog to dog as the one third power of the left ventricular weight and have, therefore, corrected their circumferential shortening rate by dividing accordingly. Ross and associates30) have also divided their velocities by ventricular circumference, calculated from their in vitro determined pressure-volume curves, and expressed the velocity of fiber shortening in cm./sec./cm. Thus, although there is no evidence that a simple linear relationship exists between fiber length and the velocity of contraction, it is probably reasonable to assume linearity over this small segment of the curve in order to compare one animal with another. In any case, it should be emphasized that the results which we observed in the overall force-velocity relationship following pulmonary embolization were essentially the same whether the data were expressed unaltered or whether normalization was carried out. Consequently, the significant change in the force-velocity relationship illustrated in Fig. 3 presumably reflects a change in the contractile state of the left ventricle between control and terminal embolization. In spite of a marked decrease in developed force, circumferential shortening rate per unit length of circumference did not change significantly.
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